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Introduction: 

The  mammalian  cell  cycle  is  a  tightly  regulated  process  that  controls  cell  division  and 
replication.  The  tumor  suppressor  p53  plays  a  crucial  role  in  both  the  Gl/S  and  mitotic 
checkpoints,  as  well  as  in  apoptosis  in  response  to  DNA  damage.  P53  activates  p21,  which  is  an 
inhibitor  of  cdk/cyclin  E  complexes,  to  cause  cell  cycle  arrest.  P53  can  also  function  as  a 
mediator  of  apoptosis  by  activating  either  the  intrinsic  or  extrinsic  pathway  of  apoptosis  via 
transcriptional  targets  such  as  Bax,  Bid,  and  TRAIL  R4/5  (1).  Deregulation  of  the  cell  cycle  has 
been  described  in  many  human  tumors,  including  prostate  cancer  (2).  In  prostate  cancer 
specifically,  cyclinDl  has  been  shown  to  be  upregulated  while  down-regulation  is  commonly 
seen  in  cyclin-dependent  kinase  (cdk)  inhibitors  such  as  pl6 INK4A  and  p27  Kipl  (3).  Therefore, 
small  molecule  cyclin  dependent  kinase  (cdk)  inhibitors  may  have  the  ability  to  block  tumor 
progression  in  prostate  cancer.  We  have  developed  a  novel  analog  of  purvalanol  B  termed 
VMY-1-103  (VMY)  that  functions  as  a  potent  cdkl  and  cdk2  inhibitor.  VMY  shows  enormous 
potential  as  a  therapeutic  agent  for  prostate  cancer  treatment. 
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Aim  1  is  to  test  VMY-1-103  on  a  panel  of  human  prostate  cancer  cell  lines  and  correlate 
activity  with  p53  status.  VMY-1-103  was  tested  on  a  large  panel  of  cancer  and  normal  cell  lines. 
These  cell  lines  include  prostate  cancer  cell  line  LNCaP,  which  is  p53  wild-type,  PC3  cells, 
which  are  null,  and  DU145  cells  that  contain  p53  mutations.  VMY-1-103  sufficiently  caused  an 
increase  in  cells  in  G2/M  and  greater  than  40%  cell  death  in  LNCaP  cells  (p<0.05)  as  measured 
by  trypan  blue  exclusion  in  18  hours.  In  contrast  the  parent  compound,  purvalanol  B,  was  only 
able  to  cause  2%  cell  death  in  these  cells.  Lurthermore,  less  than  5%  cell  death  was  seen  upon 
treatment  of  the  PC3  and  DU145  cells,  although  a  G2/M  arrest  was  seen  in  both  cell  types.  Cell 
death  in  LNCaP  cells  was  confirmed  as  apoptosis  by  an  apoptosis  protein  expression  array. 
Results  showed  that  VMY  treatment  led  to  a  significant  increase  in  PARP  cleavage  and  cleaved 
caspase  3,  which  are  clear  markers  of  apoptosis.  In  addition,  VMY  treatment  led  to  an  increase 
in  phosphorylated  levels  of  p53  (S15,  S46,  and  S392)  as  well  as  total  p21  levels,  suggesting  p53 
is  important  in  the  apoptotic  response  following  VMY  treatment  (4).  Interestingly,  VMY  is  able 
to  induce  a  cell  cycle  arrest  at  the  G2/M  checkpoint  in  all  cells,  but  the  apoptotic  factor  seems  to 
be  related  to  p53  status. 

Additional  wild-type  p53  cancer  cell  lines,  PC  12,  A172,  MCL7,  and  COLO-357,  were  all 
sensitive  to  VMY-1-103  treatment  at  similar  rates  as  LNCaPs.  In  addition,  other  p53  mutant  cell 
lines  ASPC1,  MIA-PaCal,  MDA231,  and  T98G,  had  less  than  5%  cell  death  following 
treatment.  Lurthermore,  four  additional  prostate  cell  lines  were  generated  from  two  patients;  two 
normal  cell  lines  (029N  and  003N)  and  two  tumor  lines  (030T  and  004T).  These  cells  were 
generated  using  methods  developed  at  Georgetown  University  and  all  of  these  cell  lines  are  p53 
wild-type  (5).  Interestingly,  the  tumor  cell  line  is  more  sensitive  to  cell  death  with  VMY 
treatment  than  the  normal  cells  (figure  1). 

Our  research  has  shown  that  VMY  can  cause  chromosomal  abnormalities  and  induce 
mitotic  catastrophe  in  DAOY  medulloblastoma  cells,  which  have  a  p53  mutation  (6).  In  order  to 
examine  if  this  holds  true  in  prostate  cancer  cell  lines,  I  stably  transfected  LNCaP  and  DU145 
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cells  with  a  GFP  HistoneH2B  construct.  I  then  performed  time-course  live  cell  imaging  as 
previously  described  (6).  In  contrast  to  what  was  observed  with  the  DAOY  cells,  no  mitotic 
castrophe  or  delay  of  mitosis  was  seen.  In  addition,  I  performed  confocal  microscopy  on  LNCaP 
and  DU145  cells  stained  with  Aurora  A  and  did  not  observe  any  mitotic  abnormalities.  Due  to 
these  results,  I  did  not  continue  exploring  the  effects  of  VMY  on  these  cells  and  did  not  do  live 
imaging  of  the  p53  knockdown  or  overexpressed  cells  as  proposed  as  Aim  2d. 

Aim  2  is  to  determine  if  wild-type  p53  is  required  for  VMY-l-103-induced  apoptosis.  To 
test  this,  I  first  performed  siRNA  knockdown  of  p53  in  wild-type  LNCaP  cells  (figure  2a). 
Briefly,  cells  were  incubated  with  either  adenovirus  alone  or  adenovirus  containing  p53  siRNA. 

I  next  treated  these  knockdown  cells  with  VMY  and  found  that  reduction  in  wild  type  levels  of 
p53  greatly  reduced  the  ability  of  VMY  to  cause  cell  death  in  these  cells  (figure  2b).  In  addition, 
I  performed  an  apoptosis  protein  expression  array  on  the  p53  knockdown  cells  with  and  without 
VMY  treatment  and  found  that  apoptosis  was  greatly  reduced  in  the  knockdown  cells  following 
VMY  treatment  as  measured  by  Bax,  cleaved  Caspase  3,  and  TRAIL  DR5  (figure  2d). 
Furthermore,  I  performed  an  siRNA  rescue  experiment  in  which  I  knocked  down  p53, 
transfected  with  a  WT  expression  vector,  and  then  treated  cells  with  VMY.  Ability  to  cause  cell 
death  was  rescued  as  seen  by  an  increase  in  cell  death  (figure  2c). 

I  next  overexpressed  WT  p53  in  PC3  (null)  cells,  which  greatly  sensitized  them  to  VMY- 
induced  cell  death.  I  also  transiently  transfected  mutant  p53  (245),  which  did  not  affect  cell 
death  upon  VMY  treatment  as  compared  with  GFP  transfection  alone  (figure  3).  Because 
DU  145  cells  inherently  have  two  p53  mutations  with  unknown  functions,  I  could  not  simply 
overexpress  a  wild-type  vector  in  these  cells.  Instead,  I  pre-treated  these  cells  with  a  drug  called 
PRIMA-1,  which  can  restore  wild-type  function  of  p53  in  cells  with  mutations  in  the  DNA 
binding  domain,  such  as  DU145  (7).  Upon  treatment  with  PRIMA-1,  p21  levels  are  restored  in 
DU145,  suggesting  restoration  of  p53  function  (figure  4a).  Following  PRIMA-1  pretreatment,  I 
treated  cells  with  flavopiridol,  purvalanol  B,  or  VMY  and  found  that  there  was  an  increased 
sensitivity  to  cell  death  (figure  4b),  although  no  changes  in  the  cell  cycle  distribution  as 
measured  by  flow  cytometry.  Furthermore,  PRIMA-1  pre-treatment  led  to  an  increase  in  PARP 
cleavage  upon  VMY  treatment,  confirming  an  increase  in  apoptosis  upon  restoration  of  WT  p53 
(figure  4c). 

Because  I  determined  that  WT  p53  plays  an  important  role  in  causing  cell  death  upon 
VMY  treatment  in  these  cells,  I  next  tested  if  mutant  p53  constructs  had  the  same  effect.  I 
created  stable  tet-on  inducible  LNCaP  cells  overexpressing  mutant  p53  at  hotspot  mutation  sites 
245  and  175  (Figure  5a).  Upon  VMY  treatment,  the  overexpression  of  a  mutant  p53  construct 
did  not  change  the  cell  cycle  profile  or  ability  of  VMY  to  cause  cell  death.  Because  wild-type 
p53  is  still  present  in  these  cells,  I  next  knocked  down  wt  p53  using  siRNA,  and  then  induced  the 
mutant  constructs  using  tetracycline.  The  knockdown  of  p53  alone  inhibited  the  effect  of  VMY 
on  halting  the  cell  cycle  and  this  effect  was  not  rescued  by  the  induction  of  either  mutant 
construct  (Figure  5b). 

Aim  3  is  to  test  VMY-1-103  in  prostate  cancer  xenograph  mouse  models  and  this  work  is 
currently  ongoing.  In  addition,  a  manuscript  for  AIM  2  is  being  written  and  there  are  plans  for 
paper  submission  within  the  next  few  months. 
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Key  Research  Accomplishments: 

•  Expanded  testing  of  VMY-1-103  to  many  cancer  and  normal  cell  lines. 

•  Strengthened  correlation  between  efficacy  of  VMY-1-103  to  cause  apoptosis  and  p53 
status  in  cell  lines. 

•  Showed  that  knockdown  of  p53  in  wild-type  LNCaP  cells  greatly  reduces  sensitivity 
to  VMY.  This  effect  can  also  be  rescued  by  addition  of  a  wild-type  p53  vector 
following  siRNA  knockdown.  Mutant  p53  constructs  did  not  rescue  this  effect. 

•  Further  confirmed  that  wild  type  p53  is  required  for  VMY-mediated  apoptosis  by 
restoring  wild  type  p53  function  in  p53  mutant  DU  145  cells,  which  greatly  increased 
their  sensitivity  to  the  drug.  Furthermore,  transient  transfection  of  wild-type  p53  in 
p53  null  PC3  cells  rendered  them  sensitive  to  VMY. 

Reportable  Outcomes: 

•  First  author  publication: 

o  Ringer  L,  Sirajuddin  P,  Heckler  M,  Ghosh  A,  Suprynowicz  F,  Yenugonda  VM, 
Brown  MF,  Toretsky  JA,  Uren  A,  Fee  Y,  Macdonald  TJ,  Rodriguez  O,  Glazer  RI, 
Schlegel  R,  Albanese  C.  VMY-1-103  is  a  novel  CDK  inhibitor  that  disrupts 
chromosome  organization  and  delays  metaphase  progression  in  medulloblastoma 
cells.  Cancer  Biol  Ther.  2011  Nov  l;12(9):818-26 

•  Other  publications: 

o  Beauchamp  EM,  Ringer  L,  Bulut  G,  Sajwan  KP,  Hall  MD,  Fee  YC,  Peaceman  D, 
Ozdemirli  M,  Rodriguez  O,  Macdonald  TJ,  Albanese  C,  Toretsky  JA,  Uren  A. 
Arsenic  trioxide  inhibits  human  cancer  cell  growth  and  tumor  development  in 
mice  by  blocking  Hedgehog/GFI  pathway.  J  Clin  Invest.  2011  Jan  4;  121(1):  148- 
60 

•  Poster  Presentations: 

o  American  Association  for  Cancer  Research  Annual  Meeting,  Chicago  IF.  Role  of 
p53  in  CDK  Inhibitor  VMY- 1-103 -mediated  Apoptosis  .  March  31st  -  April  4th, 
2012. 

o  Georgetown  University  Student  Research  Day.  Role  of  p53  in  CDK  Inhibitor 
VMY-l-103-mediated  Apoptosis.  March  1st,  2012  Washington,  DC. 
o  Georgetown  University  Student  Research  Day.  CDK  Inhibitor  VMY-1-103 
Causes  Cell  Cycle  Arrest  and  Apoptosis  in  Cancer  Cell  Fines.  April  7th,  2011 
Washington,  DC. 

o  Cell  cycle  Regulators/Inhibitors  &  Cancer.  CDK  Inhibitor  VMY-1-103  Causes 
Cell  Cycle  Arrest  and  Apoptosis  in  Cancer  Cell  Fines.  February  5th-8th,  201 1 
Vienna,  Austria. 
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Conclusion: 

Cyclin-dependent  kinase  inhibitor  VMY-1-103  induces  a  G2/M  cell  cycle  arrest  and 
apoptosis  in  prostate  cancer  cell  lines.  Cancer  cell  lines,  including  prostate  cancer,  show  a 
differential  sensitivity  to  VMY-1-103  that  correlates  with  p53  status.  In  addition,  VMY-1-103 
sensitivity  increases  in  cancer  cell  lines  as  compared  with  normal  cell  lines,  regardless  of  p53 
status.  This  has  important  therapeutic  implications  for  the  treatment  of  prostate  cancer  patients. 
Knockdown  experiments  in  LNCaP  cells  show  a  reduced  sensitivity  to  VMY-1-103  by  resulting 
in  a  decreased  cell  death  and  this  result  can  be  rescued  by  the  addition  of  wild-type  p53. 
Transient  transfections  of  wild-type  p53  into  p53-null  PC-3  cells  resulted  in  increased  cell  death 
upon  VMY  treatment.  Furthermore,  PRIMA-1  pre-treatment  restored  p53  activity  in  p53-mutant 
DU  145  cells  and  sensitized  them  to  VMY-mediated  cell  death.  As  compared  with  other  solid 
tumors,  only  a  small  percentage  of  prostate  cancer  cases  contain  p53  mutations  (8). 
Therapeutically,  this  is  important  as  a  majority  of  prostate  cancer  patients  could  benefit  from 
VMY  treatment.  Furthermore,  p53  mutations  are  generally  only  seen  in  prostate  cancer  patients 
who  have  very  aggressive  tumors.  Therefore,  VMY  may  be  a  more  useful  therapeutic  to  use  to 
treat  earlier  stages  of  prostate  cancer  than  aggressive,  metastatic  cancer.  Further  studies  are 
ongoing  to  test  VMY  in  aggressive  tumors,  either  by  modulating  the  p53  status  in  the  tumors  or 
by  combining  VMY  with  other  therapeutic  agents. 
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Supporting  Data: 

Figure  1 :  VMY- 1-103  causes  a  larger  amount  of  cell  death  in  primary  tumor  cells  compared  with 
normal  adjacent  cells. 


Figure  1 :  Percentage  of  cell  death  following  18hr  of  VMY  treatment  as  quantified  by  trypan  blue  dye  exclusion.  029N  (normal) 
and  030T  (tumor)  are  one  patient  and  003N  (normal)  and  004T  (tumor)  are  from  another  patient.  Cell  death  significantly 
increases  in  tumor  cells  as  compared  with  the  matched  sets  of  normal  cells. 


Figure  2:  Knockdown  of  p53  in  LNCaP  cells  greatly  reduces  VMY-l-103-mediated  apoptosis 
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Figure  2:  A)  P53  protein  levels  in  LNCaP  cells  decrease  after  addition  of  a  p53  siRNA  adenovirus  for  72hr  as  compared  to  addition  of 
adenovirus  alone.  B)  LNCaP  cells  were  treated  with  either  adenovirus  or  p53  siRNA  for  72hrs,  followed  by  treatment  with  either 
flavopiridol  (Flavo),  purvalanol  B  (PVB),  IOuM  or  30uM  VMY  for  18hr.  Cell  death  was  quantified  by  trypan  blue  dye  exclusion.  C) 
LNCaP  cells  with  and  without  p53  siRNA  were  transfected  with  a  wild-type  p53  vector,  followed  by  treatment  with  either  DMSO  or 
VMY.  Percentage  of  cell  death  was  quantified  by  the  subGl  fraction  of  cells  using  flow  cytometry.  The  percentage  of  dead  cells  with 
DMSO  treatment  was  subtracted  from  the  percentage  of  dead  cells  after  VMY  treatment.  D)  VMY- 1-103  treatment  in  the  presence  of 
adenovirus  alone  induce  apoptosis  as  measured  by  an  increase  in  Bax,  cleaved  Caspase  3,  and  TRAIL  DR5  protein  levels.  These  levels 
are  reduced  following  p53  siRNA  treatment. 
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Figure  3:  Addition  of  wild- type  p53  into  p53  null  PC3  cells  greatly  sensitizes  them  to  VMY 
treatment. 
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Figure  3:  Transient  transfection  of  either  GFP,  GFP-mutant  245  p53,  or  GFP-WT  p53  constructs  in  PC3  cells  followed  by  treatment  with 
either  DMSO,  flavopiridol,  purvalanol  B  (PVB),  IOuM,  or  30uM  VMY.  Percentage  of  cell  death  was  measured  by  subGl  quantification 
using  flow  cytometry.  Mutant  p53  in  addition  to  any  drug  treatment  did  not  affect  cell  death,  while  WT  p53  greatly  increased  cell  death 
following  purvalanol  B  and  VMY  treatment. 


Figure  4\  Treatment  of  p53 -mutant  DU  145  cells  with  PRIM  A- 1  restores  wild-type  p53  function 
and  sensitizes  the  cells  to  VMY. 
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Figure  4:  A)  PRIM  A- 1  treatment  in  DU  145  cells  restores  p53  as  seen  by  induction  of  p21.  B)  PRIMA-1  pre-treatment  of  DU  145  cells, 
followed  by  18hr  treatment  with  either  flavopiridol,  purvalanol  B,  or  lOuM  or  30uM  VMY  significantly  increase  the  percentage  of  cell  death 
as  measured  by  trypan  blue  exclusion.  C)  PRIMA-1  treatment  in  DU  145  cells  increases  levels  of  PARP  cleavage  following  treatment  with 
30uM  VMY. 


Figure  5:  Mutant  p53  transfection  in  LNCaP  cells  does  not  effect  knockdown  of  the  wild-type 
protein. 
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Figure  5:  A)  LNCaP  cells  were  transfected  with  a  tet-inducible  p53  mutant  (245)  construct.  Stable  clones  were  selected  using  long-term  G418 
treatment  and  one  representative  clone  is  shown  here.  The  construct  is  flag-tagged  so  flag  protein  and  p53  levels  increase  upon  addition  of 
tetracycline  in  the  stable  population  only.  B)  Percent  cell  death  in  LNCaP  cells,  as  measured  by  subGl  content,  increases  upon  lOuM  and 
30uM  treatment  versus  DMSO  treatment.  Upon  addition  of  p53  siRNA,  VMY-mediated  cell  death  is  greatly  reduced.  Induction  of  the  245 
mutant  p53  construct  via  addition  of  tetracycline  does  not  rescue  the  affect. 
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The  2,6,9-trisubstituted  purine  group  of  cyclin  dependent  kinase  inhibitors  have  the  potential  to  be  clinically  relevant 
inhibitors  of  cancer  cell  proliferation.  We  have  recently  designed  and  synthesized  a  novel  dansylated  analog  of  purvalanol 
B,  termed  VMY-1-103,  that  inhibited  cell  cycle  progression  in  breast  cancer  cell  lines  more  effectively  than  did  purvalanol 
B  and  allowed  for  uptake  analyses  by  fluorescence  microscopy. 

ErbB-2  plays  an  important  role  in  the  regulation  of  signal  transduction  cascades  in  a  number  of  epithelial  tumors, 
including  prostate  cancer  (PCa).  Our  previous  studies  demonstrated  that  transgenic  expression  of  activated  ErbB-2  in  the 
mouse  prostate  initiated  PCa  and  eitherthe  overexpression  of  ErbB-2  orthe  addition  of  the  ErbB-2/ErbB-3  ligand,  heregu- 
lin  (HRG),  induced  cell  cycle  progression  in  the  androgen-responsive  prostate  cancer  cell  line,  LNCaP. 

In  the  present  study,  we  tested  the  efficacy  of  VMY-1-103  in  inhibiting  HRG-induced  cell  proliferation  in  LNCaP  prostate 
cancer  cells.  At  concentrations  as  low  as  1  pM,  VMY-1-103  increased  both  the  proportion  of  cells  in  G1  and  p21CIP1  protein 
levels.  At  higher  concentrations  (5  pM  or  10  pM),  VMY-1-103  induced  apoptosis  via  decreased  mitochondrial  membrane 
polarity  and  induction  of  p53  phosphorylation,  caspase-3  activity  and  PARP  cleavage.  Treatment  with  1 0  pM  Purvalanol 
B  failed  to  either  influence  proliferation  or  induce  apoptosis. 

Our  results  demonstrate  that  VMY-1-103  was  more  effective  in  inducing  apoptosis  in  PCa  cells  than  its  parent  com¬ 
pound,  purvalanol  B,  and  support  the  testing  of  VMY-1-103  as  a  potential  small  molecule  inhibitor  of  prostate  cancer  in  vivo. 


Introduction 

The  cyclins  are  regulatory  proteins  that  modulate  the  activity 
of  the  cyclin-dependent  kinases  (Cdks),  thereby  directing  the 
orderly  progression  of  eukaryotic  cells  through  the  cell  cycle, 
ultimately  resulting  in  normal  cellular  division.1  The  deregula¬ 
tion  of  various  multi-protein  cyclin/Cdk  complexes  has  been 
described  in  many  types  of  human  tumors,  including  prostate 
cancer.2 

The  development  of  small  molecules  that  inhibit  the  activity 
of  cyclin/Cdk  complexes  has  gained  attention  recently  as  tech¬ 
nological  advances  in  drug  design  have  lead  to  improved  target 
selectivity.  The  2,6,9-trisubstituted  purine  group  of  cyclin  depen¬ 
dent  kinase  inhibitors,  which  includes  roscovitine  and  the  pur- 
valanols,3  act  by  selectively  competing  with  ATP  at  its  binding 


site  in  targeted  CDK’s.  We  have  recently  described  the  design 
and  synthesis  of  a  novel  dansylated-fluorescent  analog  of  purva¬ 
lanol  B,  termed  VMY-1-103.4  The  design  of  this  compound  took 
advantage  of  both  the  known  crystal  structure  of  the  purvala¬ 
nol  B/Cdk2  complex,  as  well  as  the  fact  that  the  carboxylic  acid 
of  the  6-anilino  group  of  purvalanol  can  be  modified  without 
negatively  affecting  the  chemicals  ability  to  compete  at  the  CDK 
ATP  binding  site.  By  synthetically  coupling  the  fluorescent  com¬ 
pound  dansyl-ethylenediamine  to  purvalanol  B,  we  found  that 
VMY-1-103  inhibited  cell  cycle  progression  and  increased  apop¬ 
tosis  in  breast  cancer  cell  lines  more  effectively  than  purvalanol 
B.  Since  the  dansyl  group  rendered  the  compound  more  lipo¬ 
philic,  we  hypothesize  that  VMY-1-103  has  an  enhanced  ability 
to  diffuse  through  the  cell  membrane,  increasing  its  cytoplasmic 
bioavailability.4 


Correspondence  to:  Chris  Albanese;  Email:  Albanese@georgetown.edu 
Submitted:  04/28/10;  Accepted:  05/03/10 

Previously  published  online:  www.landesbioscience.com/journals/cbt/article/12208 
DOI:  1 0.41 61/cbt.l  0.4.1 2208 


320 


Cancer  Biology &Therapy 


Volume  10  Issue  4 


RESEARCH  PAPER 


Dansyl  side-group 


Purvalanol  base 


Structure  of  VMY- 1-103 


VMY 


PI 


DMSO 


...  Merge 

1 


VMY- 1-1 03  DMSO 
(lOuM)  Control 


Figure  1.  (A)  Structure  of  VMY-1-103.  (B)  Uptake  and  subcellular  localization  of  VMY-1-103  in  LNCaP  cells. 
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Figure  2.  VMY-1-13  regulation  of  cell  cycle  progression  and  apoptosis  in  the  human  prostate  cancer  cell 
line  LNCaP.  Effect  of  LY294002  (LY),  purvalanol  B  (PVB)  or  VMY-1-103  (VMY)  on  HRG-induced  cell  cycle  pro¬ 
gression  and  subG^phase  associated  apoptosis  at  (A)  low  and  (B)  high  concentrations  (5-10  |iM).  Values 
are  percent  change  (average  ±  SD,  N  =  3)  versus  cells  treated  with  the  vehicle,  DMSO.  Asterisk,  p  <  0.05. 


Our  previous  work  has  established  that  increased  ErbB-2  sig¬ 
naling  combined  with  the  loss  of  one  pten  allele  can  initiate  epi¬ 
thelial  neoplasia  in  the  mouse  prostate  that  progresses  to  PCa 
commensurate  with  an  induction  of  PI3-kinase/PDKl  signal- 
ing.2,5'6  We  have  also  shown  that  ErbB-2  and  the  ErbB-2/ErbB-3 
ligand  heregulin  (HRG)  induced  cell  cycle  progression  in  PCa 
cells  in  part  through  induction  of  cyclin  Dl.2  Since  we  have  data 


establishing  that  VMY-1-103  inhib¬ 
ited  cell  cycle  progression  in  MCF7 
cells,4  we  tested  the  ability  of  VMY- 
1-103  to  inhibit  HRG-induced  pro¬ 
liferation  in  the  androgen-sensitive 
prostate  cancer  cell  line,  LNCaP.  In 
this  report,  we  present  evidence  that 
VMY-1-103  at  concentrations  as  low 
was  1  pM  increased  the  proportion 
of  HRG-stimulated  LNCaP  cells 
arresting  in  the  Gj  phase  of  the  cell 
cycle.  Additionally,  VMY-1-103  at  5 
pM  and  10  pM  significantly  induced 
p53  phosphorylation  and  apopto¬ 
sis  and  decreased  cell  viability  in  a 
manner  that  was  caspase-dependent. 

Results 


VMY-1-103  inhibits  heregulin- 
induced  cell  cycle  progression  in 
LNCaP  cells.  We  have  recently 
described  the  design  and  synthesis  of 
a  novel  dansylated-analog  of  purva¬ 
lanol  B,  termed  VMY-1-103  (Fig.  1A 
and  reviewed  in  ref.  4).  Incubation 
of  prostate  cancer  LnCAP  cells  with 
10  pM  VMY-1-103  for  12  h  resulted 
in  more  than  95%  of  percent  of  the 
cells  containing  cytoplasmic  VMY- 
1-103  (Fig.  IB). 

Since  HRG  induced  cell  cycle 
progression  in  LNCaP  cells,2  we 
next  tested  the  ability  of  VMY-1-103 
to  inhibit  HRG-induced  prolifera¬ 
tion  in  LNCaP  cells.  Treatment  with 
1  ng/ml  heregulin  and  either  20  pM 
LY294002  or  1  pM  VMY-1-103 
for  18  hours  resulted  in  a  signifi¬ 
cant  increase  in  the  number  of  cells 
in  Gj  and  a  concomitant  decrease 
in  the  number  of  cells  in  S-phase 
(Fig.  2A).  Purvalanol  B  (1  pM)  had 
no  effect  (Fig.  2A).  Similar  results 
were  seen  in  the  presence  of  serum 
(Suppl.  Fig.  1). 

VMY-1-103  induces  apoptosis 
in  LNCaP  cells.  We  next  tested 
if  higher  concentrations  of  either 
purvalanol  B  or  VMY-1-103  had  any  differential  effects  on  cell 
cycle  progression.  Treatment  of  LNCaP  cells  with  either  5  pM 
or  10  pM  purvalanol  B  failed  to  significantly  alter  cell  cycle 
progression  or  increase  the  sub-Gj  population  of  apoptotic  cells 
(Fig.  2B).  In  contrast,  5  and  10  pM  VMY-1-103  produced  sig¬ 
nificant  dose-dependent  increases  in  the  sub-Gj  population  of 
apoptotic  cells,  however  the  Gj  arrest  observed  at  1  pM  was  lost 
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Figure  3.  (A)  Effect  of  VM Y-1 -1 03  on  cell  cycle  progression  and  subG^phase  associated  apoptosis  in  (A)  DU145  cells  treated  with  HRG,  (B)  PWR-1E  cells 
treated  with  HRG.  Values  are  percent  change  (average  ±  SD,  N  =  3)  versus  cells  treated  with  the  vehicle,  DMSO.  Asterisk,  p  <  0.05. 


(Fig.  2B).  Experiments  performed  on  DU145  cells  demonstrated 
that  while  VMY-1-103  at  10  pM  increased  the  proportion  of 
cells  in  Gj  and  G2/M,  and  decreased  the  S-phase  fraction,  there 
was  no  significant  change  in  the  sub-Gj  population  of  apoptotic 
cells  (Fig.  3A).  Likewise,  10  pM  VMY-1-103  did  not  signifi¬ 
cantly  increase  the  sub-Gj  population  of  cells  in  the  immortal¬ 
ized  prostate  epithelial  cell  line  PWR-1E  (Fig.  3B). 

VMY-1-103  induces  apoptosis  via  induction  of  p53,  cas- 
pase-3  activity  and  PARP  cleavage.  In  order  to  begin  to  investi¬ 
gate  the  mechanisms  by  which  VMY-1-103  regulated  apoptosis, 
antibody  proteomic  arrays  were  performed.  Treatment  of  HRG- 
stimulated  LNCaP  cells  with  10  pM  VMY-1-103  significantly 
increased  phosphorylation  of  p53  at  serine  residues  15,  46  and 
392  (Fig.  4A  and  B),  while  LY294002  or  1  pM  VMY-1-103 
had  only  modest  effects  versus  DMSO  control.  In  addition, 
10  pM  VMY-1-103  significantly  increased  the  levels  of  cleaved 
caspase-3  (“c-casp-3”),  the  active  form  generated  by  proteolytic 
maturation  (Fig.  4).  Western  blotting  further  revealed  dose- 
dependent  increases  in  PARP-cleavage  and  levels  of  the  Cdk 
inhibitor,  p21CIP1  (Fig.  4C).  The  levels  of  the  late-Gj-phase  cell 
cycle  regulatory  protein  cyclin  E  were  unaffected  (Fig.  4C),  sug¬ 
gesting  the  cells  had  undergone  a  switch  from  a  VMY-1-103- 
induced  cell  cycle  arrest  to  apoptosis. 

Apoptosis  induced  by  VMY-1-103  is  associated  with  early 
mitochondrial  membrane  depolarization.  During  apoptosis, 


mitochondria  undergo  changes  in  membrane  permeability  that 
result  in  its  depolarization.  To  further  explore  the  mechanisms  by 
which  VMY-1-103  affected  cell  viability,  mitochondrial  polarity 
measurements  were  performed  using  Mitotracker  Red  CMXRos 
and  flow  cytometry.  Addition  of  10  pM  VMY-1-103,  but  not  10 
pM  purvalanol  B,  resulted  in  statistically  significant  decreases  in 
mitochondrial  membrane  polarity  by  45  minutes  of  treatment  (Fig. 
5A).  These  results  indicated  that  mitochondrial  depolarization 
is  an  early  apoptosis-inducing  event  following  VMY-1-103  treat¬ 
ment.  Caspase-3  activity,  as  measured  by  Z-DEVD-AMC  cataly¬ 
sis,  was  also  significantly  induced  by  10  pM  VMY-1-103  (Fig.  5B). 

VMY-1-103  modulates  components  the  intrinsic  apoptotic 
pathway  in  LNCaP  cells.  To  assess  the  role  that  the  intrinsic 
pathway  plays  in  VMY-l-103-induced  apoptosis,  the  caspase-9 
inhibitor  Z-LEHD-FMK  was  used.  LNCaP  cells  were  treated  with 
Z-LEHD-FMK  or  DMSO  for  1  hour,  followed  by  12  hrs  of  HRG 
and  either  DMSO  or  VMY-1-103.  Z-LEHD-FMK  significantly 
reduced  the  VMY-l-103-induced  cell  death  as  measured  by  trypan 
blue  dye  exclusion  (Fig.  5C). 

Mechanistically,  these  data  establish  that  1  pM  VMY-1-103- 
induced  Gj  arrest  in  LNCaP  cells,  perhaps  in  part  through  an 
induction  of  p21CIP.1  At  10  pM,  VMY-1-103  induced  components  of 
the  intrinsic  apoptotic  pathway,  linking  mitochondrial  membrane 
depolarization  and  alterations  in  p53  phosphorylation  at  multiple 
residues  to  increased  caspase-3  activity  and  PARP  cleavage. 
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Figure  4.  Activation  of  pro-apoptotic  signaling  by  VMY-1-103.  (A)  Regulation  of  serine  phosphoryla¬ 
tion  of  the  tumor  suppressor  protein,  p53  (p-p53)  as  well  as  levels  of  p21clpl  and  cleaved  caspase-3 
(c-casp-3)  in  LNCaP  cells  treated  with  HRG  and  either  20  pM  LY294002, 1  pM  VMY-1-103  or  10  pM 
VMY-1-103.  Data  are  fold  induction  ±  SE  (N  =  4  measurements).  (B)  Representative  data  from  the  an¬ 
tibody  microarrays.  (C)  Western  blot  showing  induction  of  p21c,P1  levels  and  PARP  cleavage  by  VMY-1- 
103.  The  FL,  L  and  S  subscripts  stand  for  full-length  PARP  or  the  long  and  short  cleaved  fragments, 
respectively.  Asterisk,  p  <  0.05. 


Discussion 

Accumulating  evidence  has  demonstrated  that  the  purine-substi¬ 
tuted  family  of  CDK-inhibitors,  such  as  purvalanol  B,  have  the 
potential  to  be  useful  cancer  therapeutics,  however  the  mechanisms 
by  which  they  regulate  cell  function  has  not  been  entirely  elucidated. 

In  the  present  report,  we  examined  the  effects  of  a  danslylated 
purvalanol  B  analog,  VMY-1-103,  on  cell  cycle  progression  and 
apoptosis  in  LNCaP  prostate  cancer  cells.  VMY-1-103  inhibited 
HRG-induced  cell  cycle  progression  at  the  Gj  phase  at  1  |lM,  and 
severely  reduced  cell  viability  at  10  JlM,  resulting  in  a  greater  than 
25%  increase  in  death  as  measured  by  trypan  blue  dye  exclusion. 
VMY-1-103  at  10  )J.M  also  induced  mitochondrial  membrane 
depolarization,  and  pathway  analyses  established  that  VMY-1- 
103  increased  levels  of  cleaved  caspase-3  (Fig.  4)  and  reduced  the 
levels  of  cIAP-1  and  XIAP  (Ringer  L  and  Albanese  C,  unpub¬ 
lished).  The  loss  of  cell  viability  was  significantly  attenuated  by 
the  caspase-9  inhibitor,  implicating  activation  the  intrinsic  apop- 
totic  pathway  by  VMY-1-103,  resulting  in  the  eventual  activation 
of  caspase-3  and  PARP  cleavage. 


Increased  nuclear  p53  levels,  resulting 
from  increased  protein  levels  or  somatic 
mutations,  correlate  with  increased  clini¬ 
cal  PCa  grade  and  Gleason  scores.  Our 
studies  revealed  that  VMY-1-103  at  10 
jlM  induced  the  phosphorylation  levels 
at  serine  (Ser)  residues  15,  46  and  392 
on  p53.  Activation  of  p53  can  lead  to 
cell  cycle  arrest,  apoptosis  or  senescence. 
p53-Serl5  is  a  target  of  ATR7  and  phos¬ 
phorylation  of  p53  on  Serl5  stabilizes 
the  protein  by  preventing  interactions 
with  Mdm2  and  subsequent  ubiquiti- 
nation.  Phosphorylation  of  p53-Ser392 
increases  the  stability  of  the  p53  tetra- 
merization  domain.8  Ck2  and  SSRP1,9 
target  Ser392  for  phosphorylation  and 
p38/MAPK  can  also  phosphorylate 
p53  on  Ser392,  promoting  G2  arrest 
and/or  p53-mediated  apoptosis.  p38/ 
MAPK  and  HIPK2  phosphorylate  p53 
on  Ser46,  thereby  mediating  apoptosis 
through  p53  apoptosis-inducing  protein 
1  (p53AIP1).9  Phosphorylation  of  p53  at 
Serl5  is  associated  with  increased  lev¬ 
els  of  p21CII>.1’10  Interestingly,  however, 
induction  of  p21LIP1  was  observed  at 
both  low  and  high  levels  of  VMY-1-103, 
while  p53  Serl5-phosphorylation  was 
only  observed  at  higher  doses  of  VMY- 
1-103.  Our  results  indicate  that  Serl5 
phosphorylation  may  not  be  required  for 
transcriptional  induction  of p21CIP .'  The 
p21CIP1  protein  has  been  shown  to  func¬ 
tion  either  as  a  pro-  or  anti-apoptotic  fac¬ 
tor  in  numerous  other  studies,11  whether 
the  increased  p21CIP1  levels  and  the  altered  phosphorylation  status 
of  p53  contribute  individually  or  in  combination  to  activating  the 
intrinsic  apoptotic  pathway  remains  to  be  determined. 

We  also  found  that  VMY-1-103  was  far  less  effective  in  induc¬ 
ing  apoptosis  in  prostate  cells  with  compromised  p53  function 
(Fig.  3).  DU145  PCa  cells  express  a  mutant  p53  and  the  non- 
cancerous  PWR-1E  cell  line  was  immortalized  with  SV40,  which 
inhibits  p53  function  and  these  exhibit  predominantly  nuclear 
p53.12  In  addition,  VMY-1-103  failed  to  increase  apoptosis  in  the 
p53-null  cell  line,  PC3  (Ringer  L  and  Albanese  C,  unpublished). 
Further  experiments  will  be  required  to  establish  whether  knock¬ 
down  of  p53  desensitizes  LNCaP  cells  to  VMY-103,  or  conversely 
whether  the  re-expression  of  wildtype-p53  restores  sensitivity  in 
to  VMY-1-103  in  DU145  or  PC3  cells. 

We  have  shown  that  VMY-1-103  is  an  effective  anti-tumor 
compound,  especially  given  its  rapid  pro-apoptotic  effect  in 
LNCaP  cells.  The  addition  of  a  dansyl  group  both  rendered  the 
chemical  more  biologically  active  than  purvalanol  B  in  vitro  and 
enabled  the  imaging  of  VMY-1-103  uptake  by  confocal  micros¬ 
copy.  Our  data  indicate  that  VMY-1-103  therefore  may  be  useful 
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Figure  5.  Capsase  activity  in  HRG  stimulated  LNCaP  cells  treated  with  VMY-1-103.  (A)  Effects  of  10  |iM  purvalanol  B  (PVB)  or  VMY-1-103  (VMY)  on 
mitochondrial  membrane  polarity.  Data  are  percent  change  vs.  DMSO  control.  (B)  VMY-1-103  induced  caspase-3  activity  was  measured  fluorometri- 
cally  using  the  caspase-3  substrate,  Z-DEVD-AMC.  Data  are  fold  increase  (±SE)  versus  DMSO  treated  cells  (N  =  4).  (C)  Abrogation  of  VMY-1-103  induced 
apoptosis  through  inhibition  of  capsase-9  via  Z-LEEID-FMK.  Data  are  average  percent  change  in  trypan  blue  positive  cells  (±SD,  N  =  3)  of  cells  treated 
with  increasing  amounts  of  VMY-1-103  and  either  DMSO  (black  bars)  or  20  pM  Z-LEEID-FMK  (hatched  bars).  Asterisk,  p  <  0.05. 


for  the  treatment  of  at  least  a  large  subset  of  early  prostate  can¬ 
cers  that  express  wildtype  p53,  and  preclinical  studies  will  be 
performed  to  verify  its  in  vivo  delivery  and  biological  efficacy 
in  treating  PCa.  Importantly  the  dansylation  will  allow  for  the 
quantification  of  VMY-l-103’s  in  vivo  pharmacodymanics  and 
tissue  distribution  by  mass  spectroscopy. 

Methods  and  Materials 

Cell  lines  and  cell  culture.  The  human  prostate  cancer  cell  lines 
LNCaP  and  DU145  were  maintained  in  RPMI  and  DMEM, 
respectively,  with  10%  FCS,  0.1  mM  non-essential  amino  acids, 
100  U/ml  Penicillin-Streptomycin  and  1  mM  sodium  pyruvate 
at  37°C  in  5%  C02  as  previously  described. 2,5,13  The  non-tumor- 
igenic,  immortalized  cell  line,  PWR-1E,  was  maintained  in 
Keratinocyte  Serum  Free  Medium  (K-SFM,  Life  Technologies) 
supplemented  with  0.05  mg/ml  bovine  pituitary  extract  and  5  ng / 
ml  EGF.  For  heregulin  1(3  (HRG)  stimulation  studies,  subconflu¬ 
ent  (approximately  50%)  LNCaP,  DU145  or  PWR-1E  cells  were 
treated  with  1  ng/ml  HRG  (R&D  Systems.  Minneapolis,  MN), 
as  previously  described.2  The  PI3K  inhibitor  LY294002  (20  jlM), 
the  parent  CDK  inhibitor  purvalanol  B  (Sigma),  or  VMY-1-103 
(Fig.  1A)  at  1,  5  and  10  |lM  were  added  to  the  culture  medium 
for  up  to  18  hours.  DMSO  was  used  as  vehicle  control. 

VMY-1-103.  The  drug  discovery  program  at  Georgetown 
University  Medical  Center  designed  and  synthesized  (R)  -2- 
chloro-N-(2-(5-(dimethylamino)naphthalene-l-sulfonamido) 
ethyl)-4-(2-(l-hydroxy-3-methylbutan-2-ylamino)-9-isopro- 
pyl-9H-purin-6-ylamino)benzamide  or  VMY-1-103.4  Briefly, 
2-chloro-N-  (2-  (5-  (dimethylamino)  naphthalene-l-sulfonamido) 
ethyl)  -4-  (2-fluoro-9-isopropyl-9H-purin-6-ylamino)  benza- 
mide  (0.47  g,  0.75  mmol),  R-(-)-2-amino-3-methyl-l-butanoI 


(0.38  g,  3.76  mmol),  and  diisopropylethylamine  (0.65  mL,  3.76 
mmol)  were  dissolved  in  n-butanol  and  placed  in  a  sealed  tube. 
The  reaction  mixture  was  heated  to  120°C  for  24  h.  After  24  h 
R-(-)-2-amino-3-methyl-l-butanol  (1.88  mmol)  and  diisopro¬ 
pylethylamine  (1.88  mmol)  were  added  and  the  reaction  was 
allowed  to  stir  for  an  additional  48  h.  The  solvent  was  removed 
in  vacuo  and  the  crude  product  dissolved  in  CH2C12.  The  organic 
layer  was  washed  with  water  (25  ml)  three  times  followed  by  brine 
(50  mL).  The  organic  layer  was  separated  and  dried  over  anhy¬ 
drous  sodium  sulfate,  filtered  and  concentrated  under  reduced 
pressure  to  give  0.300  g  of  crude  product.  The  crude  product  was 
purified  by  column  chromatography. 

Flow-cytometry.  The  prostate  cells  were  collected  by  trypsini- 
zation,  fixed  in  10%  ethanol  and  resuspended  in  PBS  containing 
20  jig/ ml  propidium  iodide  (PI)  and  5U  RNase  A.  DNA  content 
was  measured  using  a  FACStar  Plus  dual  laser  FACSort  system 
(Becton-Dickinson)  as  previously  described.14,15 

Immunoblotting.  Protein  extracts  were  separated  on  4-20% 
Tris-glycine  gels  and  electro-blotted  onto  nitrocellulose.2  Protein 
levels  were  assessed  using  antibodies  against  P21C1P1  (Santa  Cruz, 
sc481)  PARP  (Cell  Signaling,  9542),  or  cyclin  E  (DCS60,  Cell 
Signaling,  2946).  Anti-(3-actin  (Cell  Signaling,  4967)  was  used 
as  loading  control. 

Cell  viability  and  growth.  Following  inhibitor  treatment,  cell 
viability  was  determined  by  trypan  blue  exclusion.  For  the  apop¬ 
tosis  assays,  Proteome  Profiler  human  apoptosis  arrays  (R&D 
Systems)  were  performed  as  described  in  the  manufacture’s  pro¬ 
tocol.  Briefly,  nitrocellulose  membranes  (spotted  with  35  antibod¬ 
ies,  in  duplicate)  were  blocked  with  the  array  buffer  (supplied  by 
the  manufacturer)  for  1  hour  at  room  temperature,  the  membranes 
were  washed,  and  incubated  with  500  jig  of  protein  overnight  at 
4°C.  Biotinylated  primary  antibody  (supplied  by  the  manufacturer) 
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was  added  for  1  hour,  followed  by  a  30 -minute  incubation  with 
Streptavidin-HRP,  and  finally  ECL  reagent  (1:3,000;  Pierce)  solu¬ 
tion.  Array  data  was  developed  on  x-ray  film  and  spot  areas  and 
intensities  were  analyzed  using  ImageJ  (NIH)  software. 

Caspase-3  assays.  LNCaP  cells  were  treated  for  12  hours 
with  VMY-1-103  and  HRG  after  which  protein  was  extracted. 
Protein  extracts  (25  Rg)  were  adjusted  to  a  final  volume  of  50 
Rl  using  lysis  buffer.  50  Rl  of  the  caspase-3  substrate  Z-DEVD- 
AMC  (7-amino  4-methylcoumarin)  was  added  to  each  sample 
in  a  96  well  plate.  AMC  accumulation,  and  thus  caspase-3  activ¬ 
ity,  was  measured  every  3  minutes  for  18  cycles  using  a  Victor 
3V  cytofluorometer  (Perkin  Elmer)  using  360/40  nm  excitation 
and  460/40  nm  emission  filters.  All  caspase  activity  slopes  were 
plotted  graphically  to  ensure  that  reactions  were  proceeding  at  a 
linear  rate  for  the  time  interval  measured. 

Caspase-9  inhibition.  The  irreversible  caspase-9  inhibitor, 
Z-LEHD-FMK  (Sigma;  St.  Louis,  MO),  was  added  to  cells  at 
a  final  concentration  of  20  rM,  10  minutes  prior  to  exposure  to 
HRG  and  VMY-1-103.  The  cells  were  harvested  at  12  hours  and 
stained  with  trypan  blue  to  determine  cell  viability. 

Mitochondrial  membrane  polarity.  1  x  106  LNCaP  cells, 
treated  with  HRG  and  either  DMSO  or  inhibitors,  were  incubated 
with  100  nM  of  Mitotracker  Red  CMXRos  (Molecular  Probes, 
Eugene,  OR)  for  45  or  60  minutes  at  37°C.  Mitochondrial  mem¬ 
brane  polarity  was  measured  by  flow  cytometry  using  a  FACStar 
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Plus  dual  laser  FACSort  system  (excitation  at  579  nm,  emission 
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slips  and  treated  with  HRG  and  either  DMSO  or  10  rM  VMY- 
1-103  for  18  h.  Cells  were  washed  with  PBS  and  fixed  in  10% 
formalin  for  10  minutes.  Cells  were  washed  with  PBS,  stained 
with  0.1  Rg/ml  propidium  iodide  (BD  Pharmingen)  for  5  min¬ 
utes,  and  washed  with  PBS  an  additional  3  times.  The  cover- 
slips  were  mounted  onto  glass  slides  with  Tris-buffered  fluoro-gel 
(Electron  Microscopy  Sciences,  Hatfield,  PA).  Multiphoton  con- 
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VMY-1  -1 03  is  a  novel  CDK  inhibitor  that  disrupts 
chromosome  organization  and  delays  metaphase 
progression  in  medulloblastoma  cells 


Lymor  Ringer,1  Paul  Sirajuddin,1  Mary  Heckler,1  Anup  Ghosh,1  Frank  Suprynowicz,2  Venkata  M.  Yenugonda,3  Milton  L.  Brown,1-3 
Jeffrey  A.  To  rets  ky,1  Aykut  Uren,1  YiChien  Lee,1  TobeyJ.  MacDonald,4  Olga  Rodriguez,1  Robert  I.  Glazer,1  Richard  Schlegel1-2 

and  Chris  Albanese1'2-* 

’Lombardi  Comprehensive  Cancer  Center  and  Department  of  Oncology;  department  of  Pathology;  3Drug  Discovery  Program;  Georgetown  University  Medical  Center; 
Washington  DC;  department  of  Pediatrics;  Emory  University  School  of  Medicine;  Atlanta,  GA  USA 

Keywords:  medulloblastoma,  apoptosis,  mitotic  catastrophe,  CDK  inhibitor,  mitosis,  cell  cycle 


Medulloblastoma  is  the  most  prevalent  of  childhood  brain  malignancies,  constituting  25%  of  childhood  brain  tumors. 
Craniospinal  radiotherapy  is  a  standard  of  care,  followed  by  a  12  mo  regimen  of  multi-agent  chemotherapy.  For  children 
less  than  3  y  of  age,  irradiation  is  avoided  due  to  its  destructive  effects  on  the  developing  nervous  system.  Long-term 
prognosis  is  worst  for  these  youngest  children  and  more  effective  treatment  strategies  with  a  better  therapeutic  index 
are  needed.  VMY-1 -103,  a  novel  dansylated  analog  of  purvalanol  B,  was  previously  shown  to  inhibit  cell  cycle  progression 
and  proliferation  in  prostate  and  breast  cancer  cells  more  effectively  than  purvalanol  B.  In  the  current  study,  we  have 
identified  new  mechanisms  of  action  by  which  VMY-1-103  affected  cellular  proliferation  in  medulloblastoma  cells.  VMY-1- 
103,  but  not  purvalanol  B,  significantly  decreased  the  proportion  of  cells  in  S  phase  and  increased  the  proportion  of  cells 
in  G2/M.  VMY-1-103  increased  the  sub  G,  fraction  of  apoptotic  cells,  induced  PARP  and  caspase-3  cleavage  and  increased 
the  levels  of  the  Death  Receptors  DR4  and  DR5,  Bax  and  Bad  while  decreasing  the  number  of  viable  cells,  all  supporting 
apoptosis  as  a  mechanism  of  cell  death.  p21GP1/WAF1  levels  were  greatly  suppressed.  Importantly,  we  found  that  while  both 
VMY  and  flavopiridol  inhibited  intracellular  CDK1  catalytic  activity,  VMY-1-103  was  unique  in  its  ability  to  severely  disrupt 
the  mitotic  spindle  apparatus,  significantly  delaying  metaphase  and  disrupting  mitosis.  Our  data  suggest  that  VMY-1-103 
possesses  unique  antiproliferative  capabilities  and  that  this  compound  may  form  the  basis  of  a  new  candidate  drug  to 
treat  medulloblastoma. 


Introduction 

During  brain  development  and  maturation,  and  in  anticipation 
of  populating  the  cerebral  cortex  with  granular  neurons,  a  burst 
of  postnatal  granular  neuronal  precursor  cell  proliferation  occurs 
in  the  external  granular  layer  of  the  brain.  Following  this  period 
of  rapid  precursor  cell  expansion,  an  orderly  exit  from  the  cell 
cycle  and  coordinated  migration  and  differentiation  is  required 
to  direct  the  proper  formation  of  the  granular  layer  of  the  cer¬ 
ebellum,  and  a  failure  of  normal  differentiation  and  migration 
of  the  granular  precursor  cells  is  believed  to  be  the  cellular  basis 
for  a  majority  of  medulloblastomas  (MB)  (reviewed  in  ref.  1). 
While  locally  advanced  MB  can  have  profound  effects  per  se,  one 
of  the  underlying  clinical  challenges  related  to  MB  treatment  is 
its  proclivity  to  spread  throughout  the  neuraxis.  Therefore,  cra¬ 
niospinal  radiotherapy  is  a  standard  of  care  delivered  to  children 
immediately  after  surgical  resection  of  the  tumor,  followed  by 
a  12  mo  regimen  of  intensive  multi-agent  chemotherapy.  While 
effective,  this  course  of  treatment  has  serious  consequences. 


For  example,  a  majority  of  survivors  are  left  with  auditory  and 
growth  deficits,  and  recent  studies  have  demonstrated  that  irra¬ 
diation  significantly  lowers  cognitive  development  and  function 
in  9  of  the  12  intelligence  subtest  categories  studied  (reviewed  in 
ref.  2).  Irradiation  is  therefore  avoided  in  children  less  than  three 
years  old  due  to  its  destructive  effects  on  the  developing  nervous 
system.  Long-term  prognosis  for  these  children  is  considerably 
worse  and  significant  effort  is  underway  to  develop  more  effective 
MB  treatment  strategies.3 

The  etiology  of  MB  is  complex,  and  the  heterogeneity  of  the 
tumors  that  arise  is  partially  understood  via  identified  alterations 
in  genes  and  signaling  pathways  that  either  direct  cell  expansion 
or  inhibit  proliferation.  Clinically,  MBs  have  been  assigned  to  five 
pathologically  defined  subtypes,  and  molecular  profiling  has  fur¬ 
ther  subclassified  the  tumors  based  on  gene  expression  patterns 
and  chromosomal  abnormalities.4'6  Dysregulation  of  Hedgehog 
(Hh)  signaling,  defined  as  the  c3  MB  subgroup,6  is  the  most  fre¬ 
quent  developmental  signaling  pathway  alteration  in  MBs,  being 
found  at  the  highest  frequency  in  both  children  under  3  y  of  age 
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and  in  all  MB  patients  over  the  age  of  25. 6  Hh-associated  MB 
tumors  contain  changes  in  the  abundance  of  multiple  proteins 
involved  in  cell  cycle  regulation,  including  Gli,  cyclins  D1  and 
D2  as  well  as  N-Myc.7  Similarly,  a  Myc  activation  signature  is  a 
defining  characteristic  of  the  cl  subgroup,  and  this  group  shows 
the  worst  overall  survival,  followed  by  the  c3/Hh  subgroup.  The 
human  MB  cell  lines,  DAOY  and  D556  resemble  the  c3  and  cl 
subgroup,  respectively,  as  maintenance  of  activated  Smo  signal¬ 
ing8  and  Gli  transactivation9  is  required  for  DAOY  cell  prolifera¬ 
tion,  while  D556  cells  have  amplified  Myc.10 

Regardless  of  the  underlying  cause,  the  tumors  that  form  are 
highly  proliferative,  and  more  effective  clinical  treatments  will 
require  developing  therapies  that  target  critical  components  of 
the  cell  proliferation  machinery. 

The  cyclins  are  regulatory  proteins  that  modulate  the  activ¬ 
ity  of  the  cyclin-dependent  kinases  (Cdks),  thereby  directing  the 
orderly  progression  of  eukaryotic  cells  through  the  cell  cycle.11 
Because  of  the  prominent  loss  of  normal  cell  cycle  control  and 
due  to  the  extensive  proliferation  that  is  associated  with  MB,  we 
anticipate  that  the  ability  to  treat  MB  may  be  enhanced  through 
identifying  small  molecule  inhibitors  that  target  critical  compo¬ 
nents  of  the  cell  cycle  regulatory  machinery.9  The  2,6,9-trisub- 
stituted  purine  group  of  cyclin  dependent  kinase  inhibitors  act 
by  competing  with  ATP  in  targeted  CDK’s.12  We  have  recently 
developed  a  novel  purvalanol  B  (PVB) -based  small  molecule 
inhibitor  termed  VMY-1-103  (VMY).  This  compound  was  syn¬ 
thesized  with  6-anilino  position  coupling  of  a  dansyl  ethylenedi- 
amine  group  to  both  retain  CDK-inhibitory  function  and  enable 
fluorescent  imaging  capability.13,14  We  established  that  VMY 
exhibited  a  significant  increase  in  potency  vs.  PVB  in  inducing 
cell  cycle  arrest  and  apoptosis  in  human  prostate  and  breast  can¬ 
cer  cell  lines  while  still  remaining  largely  inactive  in  immortal¬ 
ized  cells,  consistent  with  this  group  of  inhibitors.13,14  We  believe 
that  the  increased  potency  of  VMY  may  be  due  in  part  to  the 
lipophilic  dansyl  side-group  supporting  increased  cell  membrane 
permeability.  In  the  present  study  using  human  medulloblas¬ 
toma  cell  lines,  we  present  data  that  further  establishes  that  VMY 
exhibits  increased  potency  at  inducing  G2/M  arrest  and  in  induc¬ 
ing  apoptosis,  PARP-  and  caspase-3-cleavage  and  increasing  the 
levels  of  DR4,  DR5,  Bax  and  Bad  vs.  its  parent  compound,  PVB. 
Importantly,  we  also  present  new  findings  demonstrating  that 
while  VMY  was  as  effective  as  flavopiridol  at  inhibiting  intra¬ 
cellular  CDK1  enzymatic  activity,  achieving  a  greater  than  90% 
inhibition,  only  VMY  disturbed  centrosome  polarity,  affecting 
chromosomal  alignment  and  migration,  thereby  significantly 
disrupting  mitosis.  Our  results  indicate  that  VMY  has  unique 
properties  related  to  its  ability  to  rapidly  disrupt  the  mitotic  appa¬ 
ratus,  potentially  differentiating  VMY  from  other  small  molecule 
CDK  inhibitors. 

Results 

VMY  inhibits  cell  cycle  progression  in  DAOY.  We  have  recently 
described  the  effects  of  VMY,  a  novel  dansylated-analog  of  purv¬ 
alanol  B  on  prostate  and  breast  cancer  cell  lines.13,14  In  the  present 
study,  DAOY  and  D556  human  medulloblastoma  cell  lines  were 


utilized  to  assess  the  effect  of  VMY  on  MB  cell  cycle  progres¬ 
sion.  DAOY  cells  were  treated  for  18  h  with  purvalanol  B  (PVB) 
or  VMY  at  varying  concentrations,  or  LY294002  at  20  uM  as  a 
control  for  cell  cycle  arrest  (Fig.  1A).  Treatment  with  LY294002 
resulted  in  an  increase  in  the  number  of  cells  in  G[  and  a  concom¬ 
itant  decrease  in  the  number  of  cells  in  S-phase.  PVB  had  no  sig¬ 
nificant  effect  (Fig.  1A).  Conversely,  VMY  significantly  affected 
a  G,/M  arrest  beginning  at  1  uM,  which  increased  as  the  dose  was 
escalated.  Similar  results  were  seen  using  the  CDK  inhibitor,  fla¬ 
vopiridol  (not  shown).  VMY  treatment  also  increased  the  subGj 
population  of  cells,  consistent  with  DNA  fragmentation  and 
apoptotic  cell  death  following  treated  with  VMY.  Treatment  of 
DAOY  cells  with  either  LY294002  or  PVB  failed  to  significantly 
alter  the  sub-G[  population  of  cells  (Fig.  1A).  Similar  results  were 
seen  in  D556  cells,  with  VMY  inducing  a  significant  G,/M  arrest 
beginning  at  0.5  uM  and  an  increased  subGj  fraction  beginning 
at  5.0  uM  (Fig.  IB).  Both  VMY  and  the  CDK  inhibitor  flavo¬ 
piridol,  but  neither  PVB  nor  the  dansyl  group  alone,  significantly 
induced  cell  death  in  DAOY  cells  at  18  h  as  measured  by  trypan 
blue  dye  exclusion  (Fig.  2A).  Furthermore,  VMY  had  no  effect 
on  cell  cycle  progression  or  apoptosis  in  NIH3T3  cells  (Fig.  S1A), 
similar  to  our  previous  results  in  non-transformed  prostate  and 
breast  cancer  cell  lines.13,14  The  ED50’s  (effective  doses  neces¬ 
sary  to  achieve  50%  cell  death)  for  VMY  and  flavopiridol  were 
approximately  76  and  30.5  uM,  respectively  (Fig.  SIB  and  C) 

VMY  induces  apoptosis  via  increased  levels  of  pro-apoptotic 
proteins  and  caspase  activity.  Using  antibody  proteome  arrays 
we  previously  reported  that  VMY  induced  apoptosis  in  LNCaP 
prostate  cancer  cells  in  part  through  an  induction  of  p53  and 
the  intrinsic  apoptotic  pathway.13  To  investigate  the  mechanisms 
by  which  VMY  regulated  apoptosis  in  DAOY  cells,  similar 
experiments  were  performed.  VMY  significantly  increased  the 
protein  levels  of  the  death  receptors  DR4  and  DR5,  which  are 
required  for  TRAIL-dependent  induction  of  apoptosis  in  can¬ 
cer  cells.  Levels  of  the  Fas  ligand  TNFSF6  and  cleaved  caspase-3 
(c-casp-3),  the  active  form  generated  by  proteolytic  maturation, 
were  also  increased  (Fig.  2B).  The  phosphorylation  status  of  p53 
serine  residues  15,  46  and  392,  which  were  induced  by  VMY 
in  LNCaP  cells,13  were  unaffected  in  DAOY  cells  (not  shown). 
Levels  of  the  proapoptotic  proteins  BAD  and  BAX  were  induced 
while  levels  of  the  antiapoptotic  regulatory  protein  cIAP/Birc2 
were  modestly  reduced  (Fig.  2B). 

Protein  gel  blots  were  run  to  assess  the  effect  of  VMY  on  levels 
of  the  CDK  inhibitory  protein  p21CIP1/WAP1,  of  cyclins  E  and  B1  as 
well  as  PARP  status  (Fig.  2C).  VMY,  but  not  PVB,  significantly 
increased  the  levels  of  cleaved  PARP  while  levels  of  the  GJS  pro¬ 
tein,  cyclin  E,  were  not  changed.  Surprisingly,  while  p21cipl  lev¬ 
els  which  were  induced  by  VMY  in  LNCaP  cells13  and  by  low 
concentrations  of  VMY  in  DAOY  cells  (Fig.  2C),  decreased  by 
82%  (±3,  n  =  3)  and  90%  (±7,  n  =  3)  with  10  and  30  |xm  VMY, 
respectively  (Fig.  2C).  Treatment  with  flavopiridol  also  signifi¬ 
cantly  decreased  p21clpl/WAF1  (Fig.  SID).  The  levels  of  cyclin  B 
were  marginally  reduced  by  VMY  at  10  and  30  uM  (Fig.  2C). 

VMY  inhibits  CDK1  activity  in  DAOY  cells.  Our  recent 
data  using  purified  cyclin/CDK  complexes  established  that 
VMY  was  a  potent  inhibitor  of  the  cyclinB/CDKl  complex.14 
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Figure  1.  Effects  of  VMY  on  cell  cycle  progression  in  human  medulloblastoma  cells.  The  human  medulloblastoma  cell  lines  (A),  DAOY  or  (B)  D556  were 
treated  for  18  h  with  either  LY294002  (LY),  purvalanol  B  (PVB)  or  VMY  at  the  concentrations  shown.  Cells  were  harvested  and  both  DNA  fragmenta¬ 
tion  (subG,)  and  the  cell  cycle  profile  were  measured  by  flow  cytometry.  Data  are  average  ±  standard  deviation  of  n  >  three  separate  experiments  vs. 
DMSO. 
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Figure  2.  Effects  of  VMY  on  DAOY  cell  proliferation.  (A)  DAOY  cells  were  treated  for  18  h  with  either  DMSO,  the  dansyl  group  alone  or  VMY-1-103  at  the 
concentrations  shown.  Cells  were  harvested  and  cell  viability  assessed  by  trypan  blue  dye  exclusion  on  >300  cells.  Data  are  average  ±  standard  devia¬ 
tion  of  n  >  three  separate  experiments.  (B)  Apoptosis  proteome  arrays  performed  on  extracts  from  DAOY  cells  were  treated  for  18  h  with  either  DMSO 
or  VMY  at  30  uM.  Fold  change  in  protein  abundance  vs.  DMSO  are  shown  as  Ave  ±  deviation  of  duplicate  samples  from  n  =  two  separate  experiments. 
A  representative  proteomic  array  is  shown  at  top.  (C)  Representative  protein  gel  blot  (n  >  3)  performed  on  DAOY  cells  treated  for  18  h  with  either  PVB 
or  VMY  at  the  concentrations  shown.  (D)  In  vitro  CDKI-kinase  assays  performed  on  DAOY  cell  extracts  treated  as  marked.  Data  are  percent  inhibition 
in  substrate  phosphorylation  vs.  vehicle  control  for  n  =  two  experiments.  Flavo,  Flavopiridol;  Cl  capase-3,  cleaved  caspase-3;  PARPfL,  full  length  PARP; 
PARPL,  89  kD  fragment  of  cleaved  PARP;  Noc,  nocodazole;  Veh,  vehicle. 


We  therefore  assessed  the  CDK-inhibitory  capacity  of  VMY  in 
protein  extracts  from  treated  DAOY  cells.  The  catalytic  activity 
of  CDK1  in  the  cell  extract  was  assessed  using  an  in  vitro  kinase 
reaction  with  the  CDK1  peptide  target  substrate  (ADA  QHA 
TPP  KKK  RKV  ED).  Intracellular  CDK1  activity  was  initially 
quantified  using  extracts  from  randomly  cycling  cells  or  in  cells 
synchronized  in  the  G2-phase  of  the  cell  cycle  with  nocodazole. 
The  CDKI-kinase  activity  in  randomly  cycling  cells  was  less 
than  0.1  nmol  of  phosphate  utilized  per  minute  (0.035  nmol/ 
min/mg  ±  0.005,  n  =  3),  which  increased  15-fold  in  cells  syn¬ 
chronized  with  nocodazole  (to  0.522  nmol/min/mg  ±  0.3,  n  =  4) 
(Fig.  2D).  CDKI-kinase  assays  were  next  performed  on  extracts 


from  DAOY  cells  co-treated  for  18  h  with  nocodazole  and  either 
DMSO,  PVB  (30  um),  VMY  (30  um)  or  flavopiridol  (10  uM). 
Both  VMY  and  flavopiridol  inhibited  CDK1  activity  by  over 
90%  (Fig.  2D),  vs.  a  33%  inhibition  by  PVB. 

VMY  delays  progression  through  mitosis.  Orderly  regulation 
of  the  cyclinB/CDKl  complex  is  required  for  entry  into  mito¬ 
sis.15  As  VMY  was  able  to  significantly  inhibit  CDK1  activity  in 
DAOY  cells,  we  next  assessed  whether  a  component  of  VM  Y’s  anti¬ 
proliferative  activity  was  associated  with  an  inhibition  of  mitotic 
progression.  To  help  determine  how  VMY  blocked  cell  division, 
DAOY  cells  were  stably  transfected  with  histone-H2B-GFP 
(DAOY/H2B-GFP,  described  in  the  Methods  section)  to  enable 
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Figure  3.  VMY-induced  disruption  of  mitosis  in  DAOY  cells.  Live  cell  imaging  was  performed  using  stably  transfected  DAOY/GFP-H2B  cells.  (A)  The 
percent  of  cells  that  successfully  completed  mitosis  within  6  h  following  release  from  nocodazole  block.  (B)  Metaphase  transit  time.  (C)  Examples 
of  transit  times  of  cells  that  successfully  progressed  through  metaphase.  Data  are  average  percent  change  (+  SD,  n  >  250  cells,  two  separate  experi¬ 
ments).  Arrows,  significant  changes  in  mitotic  progression  in  VMY  vs.  Flavo  (flavopiridol)  treated  cells. 


Figure  4.  VMY  delays  progression  through  mitosis.  DAOY/GFP-H2B  cells  were  released  from 
nocodazole  block  and  followed  by  live-cell  video  microscopy.  Time  of  progression  from 
(A)  prophase  to  metaphase  and  (B)  metaphase  to  anaphase.  *p  <  0.05,  **p  <  0.01. 


visualization  of  chromosomal  activity  in  liv¬ 
ing  cells  using  time  lapsed  video  microscopy. 

DAOY/H2B-GFP  cells  were  synchronized 
with  nocodazole  for  18  h,  resulting  in  more 
than  90%  of  the  cells  arresting  in  G2  (not 
shown).  Nocodazole  was  removed  from  the 
cells  followed  by  fresh  culture  media  con¬ 
taining  either  DMSO,  PVB,  flavopiridol 
or  VMY.  The  time  of  progression  through 
mitosis  was  quantified  by  live  cell  imaging 
using  a  Nikon  Eclipse  TE300  video  micro¬ 
scope.  By  6  h,  26%  of  control,  and  28%  of 
the  PVB-treated  DAOY/H2B-GFP  cells 
underwent  an  orderly  progression  from  pro¬ 
phase  through  metaphase  into  telophase 
(Fig.  3A  and  C).  Treatment  with  flavopiri¬ 
dol  resulted  in  a  significant  acceleration  of 
mitotic  progression  (Fig.  3C).  This  accelera¬ 
tion,  or  “mitotic  slippage,”  is  frequently  seen 
with  CDK  inhibitors  such  as  purvalanol, 
roscovitine  or  flavopiridol,16  and  is  the  result 
the  inhibition  of  cyclinB/CDKl  activity 
during  mitosis.17  Conversely,  treatment  with 
VMY  significantly  reduced  the  number  of 
cells  completing  mitosis  within  6  h  to  less  than  10%  at  30  uM 
(Fig.  3A),  and  significantly  prolonged  metaphase  vs.  PVB  or  vehi¬ 
cle  (Fig.  3B  and  C).  Stage-specific  analyses  of  the  mitotic  transit 
times  established  that  while  treatment  with  30  uM  PVB  resulted 
in  a  slight  acceleration  in  the  prophase  to  metaphase  progression 
(Fig.  4A),  treatment  with  VMY  significantly  delayed  both  the  pro¬ 
phase  to  metaphase  and  metaphase  to  anaphase  transitions  (Fig. 
4A  and  B).  Similar  results  were  seen  in  D556  cells,  where  VMY 
significantly  delayed  mitotic  progression  (Fig.  5A  and  B)  while  fla¬ 
vopiridol  significantly  shortened  time  in  mitosis  (Fig.  5A  and  B), 
which  is  again  consistent  with  its  ability  to  induce  mitotic  slippage. 


VMY  treatment  disrupts  centrosome  polarity  and  induces 
mislocalization  of  chromosomes.  The  Aurora-family  of  kinases 
is  comprised  of  three  genes  (aurka,  aurkb  and  aurkc)  and  Aurora 
Kinase  A  localizes  to  the  centrosomes  and  spindle  poles  and 
regulates  spindle  assembly  and  centrosome  maturation.18  Aurora 
Kinase  B  acts  in  part  to  correct  for  misaligned  chromosomes  dur¬ 
ing  mitosis,19  and  histone  H3  that  has  been  phosphorylated  on 
serine  10  (p-FIH3)  by  Aurora  Kinase  B  is  a  marker  of  mitotic 
activity.  The  Weel  kinase  is  a  spindle  pole  associated  protein 
during  the  G2/M  transition.  Weel  functions  to  regulate  progres¬ 
sion  from  G2  into  mitosis  by  inhibiting  the  activity  of  the  cyclin 
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Figure  5.  Effects  of  VMY  and  flavopiridol  on  Mitosis  in  D556  cells.  Stable  GFP-H2B/D556  cells  were  treated  with  nocodazole  for  18  h.  The  nocodazole 
was  removed  and  the  cells  were  treated  with  the  compounds  as  shown  and  followed  by  live  cell  imaging.  (A)  Average,  n  =  four  experiments.  (B)  Repre¬ 
sentative  live  cell  images.  **p  <  0.01 .  Arrows,  significant  changes  in  mitotic  progression  in  VMY  vs.  Flavo  (flavopiridol)  treated  cells. 


B/CDK1  holoenzyme  complex  via  phosphorylation  of  CDK1  on 
tyrosines  14  and  15. 

Based  on  our  observations  that  VMY  delayed  the  progression 
through  mitosis,  and  to  begin  to  understand  the  effect  that  VMY 
was  having  on  the  mitotic  apparatus,  randomly-cycling  control 
and  inhibitor-treated  DAOY  cells  where  probed  with  anti-Aurora 
A  and  p-HH3  antibodies  and  were  counterstained  with  both 
phalloidin  for  F-actin  and  DAPI  for  chromatin. 

In  control  cells,  Aurora  Kinase  A  immunofluorescence  was 
centrally  located  within  the  chromatin  during  prometaphase, 
and  was  associated  with  the  polar  centrosome  structures  as  the 
cells  progressed  into  metaphase  (Fig.  6A,  PM  and  M  respec¬ 
tively),  consistent  with  its  normal  mitotic  localization.  The  signal 
for  p-HH3  localized  to  the  end  of  the  condensed  chromosomes 
as  expected  (Fig.  6A).  In  contrast,  within  1  h  of  treatment  with 
VMY,  mitotic  abnormalities  were  evident,  with  cells  exhibiting 
a  disorganized  alignment  of  the  chromosomes  (Fig.  6B,  PM  and 
A).  In  addition,  while  Aurora  Kinase  A  staining  remained  local¬ 
ized  to  the  centrosome,  treatment  with  VMY  resulted  in  a  mis- 
localization  of  p-HH3  during  all  stages  of  mitosis  (Fig.  6B).  In 
those  cells  that  were  able  to  progress  through  metaphase,  abnor¬ 
malities  such  as  lagging  chromosomes  persisted  (Fig.  6B,  A  and 

T). 

Control  cells  stained  with  Aurora  Kinase  A  and  phospho- 
serine  53-WEE1  andibodies,  DAPI  and  phalloidin  exhibited 
colocalized  Aurora  kinase  A  and  Weel  within  the  centrosome 
(Fig.  6C).  While  centrosome  polarity  was  disrupted  during  pro¬ 
metaphase  and  metaphase,  treatment  with  VMY  did  not  appear 
to  disrupt  Aurora  kinase  A  and  Weel  colocalization,  despite  its 
effect  on  chromosomal  organization  and  migration.  Protein  gel 
blotting  performed  on  extracts  from  DAOY  cells  treated  for  1  h 


with  PVB,  VMY  or  flavopiridol  following  release  from  an  18 
h  nocodazole  block  established  that  the  abundance  tyrosine- 
15  -phosphorylated  CDK1  was  not  significantly  affected  by 
treatment  with  PVB,  VMY  or  flavopiridol  (Fig.  S2),  suggesting 
that  VMY  was  not  inhibiting  Weel  kinase  activity  during  that 
time  period.  Aurora  Kinase  A  levels  were  not  affected  by  VMY 
or  PVB,  but  were  decreased  following  1  h  treatment  with  flavo¬ 
piridol  (Fig.  S3),  perhaps  due  to  the  mitotic  slippage  induced  by 
flavopiridol. 

Discussion 

Like  many  cancers,  the  etiology  of  MB  is  diverse,  and  a  complex 
array  of  developmental  and  cell  cycle  regulatory  genes,  proteins 
and  signaling  pathways  have  been  found  to  be  compromised  in 
both  clinical  samples4'6  and  in  animal  models.20,21  Regardless  of 
the  underlying  genetic  or  molecular  abnormality,  these  tumors 
are  highly  proliferative,  and  advances  in  clinical  treatment 
will  require  developing  therapies  that  effectively  target  critical 
components  of  the  cell  proliferation  machinery.  This  approach 
is  underscored  by  the  observation  that  Hh  signaling  pathway 
inhibitors  such  as  GDC-0449,  while  initially  successful  in 
treating  adult  MB,  induced  or  supported  activating  somatic 
mutations  that  ultimately  resulted  in  disease  recurrence.22  We9 
and  others23  have  recently  explored  the  possibility  that  inhibit¬ 
ing  the  transcription  factor,  Gli,  with  arsenic  trioxide  may  effec¬ 
tively  block  MB  proliferation  in  culture  and  in  mouse  models 
of  MB. 

In  the  present  report,  we  describe  the  effects  of  a  new  CDK- 
inhibitor  developed  by  our  group  on  cell  proliferation  and  apop¬ 
tosis  in  human  medulloblastoma  cell  lines.  Collectively  the  data 
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Figure  6.  Merged  fluorescent  imaging  of  DAOY  cells.  Cells  were  treated  DMSO  or  VMY  (30  um) 
for  1  h.  (A  and  B)  Cells  were  stained  with  phospho-histone  H3  (yellow)  and  Aurora  Kinase  A  an¬ 
tibodies  (red)  as  well  as  with  DAPI  (blue)  and  phalloidin  for  F-actin  (green).  (C  and  D)  Cells  were 
stained  with  phospho-Weel  (yellow)  and  Aurora  Kinase  A  antibodies  (red)  as  well  as  with  DAPI 
(blue)  and  phalloidin  for  F-actin  (green).  The  Weel/Aurora  A  merge  is  in  orange.  PM,  prometa¬ 
phase;  M,  metaphase;  A,  anaphase;  T,  telophase.  Arrows,  trailing  or  misaligned  chromosomes, 
*,  mislocalized  Weel,  Aurora  Kinase  A  or  phospho-histone  H3. 


presented  indicate  that  VMY  induced  cell 
cycle  arrest  and  induced  apoptosis  at  con¬ 
centrations  that  were  significantly  lower 
than  its  parent  compound,  PVB,  consis¬ 
tent  with  our  previous  studies.13,14  VMY 
was  also  capable  of  significantly  inhibiting 
CDK1  kinase  activity  but  while  flavopiridol 
induced  mitotic  slippage,  VMY  significantly 
delayed  completion  of  prometaphase  and 
metaphase,  in  part  through  interfering  with 
chromosomal  organization,  thereby  disrupt¬ 
ing  the  orderly  progression  through  mitosis. 

We  conclude  that  a  component  of  VMY’s 
antiproliferative  activity  is  the  result  of  an 
induction  of  induction  of  apoptosis  during 
mitosis,  a  process  that  has  been  referred  to 
as  mitotic  catastrophe.24 

The  cyclin  B/CDK1  complex  is  a  key  reg¬ 
ulator  of  cell  division.  Orderly  progression 
from  G2  to  M  requires  a  phosphorylation- 
dependent  inhibition  of  CDK1  on  Thrl4 
and  Tyr  15  by  Weel/MYTl  in  G2,  enabling 
the  proper  timing  of  entry  into  mitosis.  As 
cells  progress  into  M,  the  cyclin  B/CDK1 
complex  is  activated  via  dephosphoryla¬ 
tion  of  the  CDK1  Thrl4  and  Tyr  15  resi¬ 
dues  by  the  Cdc25C  phosphatase.  For  cells 
to  continue  to  progress  through  metaphase 
and  complete  cell  division,  cyclin  B/CDK1 
activity  has  to  again  be  suppressed,  occur¬ 
ring  through  degradation  of  cyclin  B  via  the 
APC/C  complex  and  the  ubiquitin/proteo- 
some  pathway.25  Because  the  suppression  of 
cyclin  B/CDK1  activity  during  mitosis  is 
prerequisite  for  M-phase  progression,  CDK1 
inhibitors  such  as  PVB  and  flavopiridol  have 
been  found  to  induce  mitotic  slippage  and 
accelerate  mitosis  and  cytokinesis.  For  example,  experiments  per¬ 
formed  in  mitotically  inhibited  HeLa  cells  established  that  inhi¬ 
bition  of  CDK1  with  PVB  resulted  in  an  accelerated  mitotic  exit 
and  premature  cytokinesis.26  Mitotic  slippage  was  also  seen  in 
taxane-inhibited  cells  treated  with  flavopiridol.27  It  is  generally 
believed  that  mitotic  slippage  inhibits  M-phase  apoptosis  but  can 
result  in  Gt  arrest  and  apoptosis  due  to  anueploidy.28  We  found 
that  while  treatment  of  MB  cells  with  flavopiridol,  and  to  a  much 
lesser  extent  purvalanol  B,  resulted  mitotic  slippage,  VMY  not 
only  failed  to  affect  mitotic  slippage,  but  induced  a  prolonged 
prometaphase/metaphase  arrest  which  was  due,  at  least  in  part, 
to  a  loss  of  normal  chromosomal  localization. 

VMY,  like  roscovitine  and  flavopiridol,  can  inhibit  the  CDK7/ 
CAK  and  CDK9/ Cyclin  Tl  kinases  in  vitro14  which  affect  tran¬ 
scription  via  a  phosphorylation-dependent  regulation  of  the 
c-terminal  domain  of  RNA  polymerase  II.  The  cyclin  D1  and 
p21CIPllWAFI  genes  are  known  targets.  We  have  shown  that  protein 
abundance  of  p21CIP1/WAF1  was  significantly  decreased  by  VMY 
(Fig.  2)  and  as  well  as  by  flavopiridol  (Fig.  SI).  Cyclin  D1  levels 


also  were  reduced  (Ringer  L,  Albanese  C,  unpublished)  however 
no  change  in  the  Gj  fraction  of  cells  was  observed  (Fig.  1).  The 
functional  consequences  of  the  reduction  of  these  proteins  and 
whether  regulation  occurs  at  the  level  of  RNA  polymerase  II  is 
not  known  at  this  time.  Hyperphosphorylated  p21CIP1/WAF1  has 
been  shown  to  activate  the  CDK1 /Cyclin  B  complex  during  the 
G2/M  transition29  and  a  loss  of  p21CIP1/mF1  may  delay  mitosis. 
However,  since  both  VMY  and  flavopiridol  cause  a  similar  reduc¬ 
tion  in  protein  levels,  the  loss  of  p21clpl/WAF1  cannot  explain  the 
differential  effects  on  mitotoic  progression  seen  between  the  two 
compounds. 

While  VMY  does  not  appear  to  promote  a  complete  disorgani¬ 
zation  of  the  centrosome,  alterations  were  clearly  evident,  includ¬ 
ing  compromised  polarity.  Defects  in  centrosome  structure  or 
function  can  have  profound  influences  on  mitosis,  and  cells  that 
undergo  a  prolonged  mitotic  arrest  become  susceptible  to  mitotic 
apoptosis,  which  occurs  when  a  cell  is  unable  to  fulfill  its  spindle 
checkpoint  function.  Commonly  used  chemotherapeutic  agents 
such  as  the  taxanes  and  vincristine,  as  well  as  inhibitors  of  key 
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mitosis-related  kinases,  such  as  the  Aurora  or  Polo-like  kinases, 
induce  mitotic  apoptosis  through  disruption  of  the  mitotic  spin¬ 
dle  (reviewed  in  ref.  30),  highlighting  the  mitotic  checkpoint  as 
a  target  for  intervention.  While  the  mechanisms  by  which  VMY 
interfered  with  both  chromosome  alignment  during  metaphase 
and  their  migration  during  anaphase  and  telophase  are  not  yet 
known,  the  rapid  mitotic  disruption  observed  with  VMY  clearly 
differentiates  this  compound  from  its  parent,  PVB,  as  well  as 
from  flavopiridol.  These  non-classical  spindle-disrupting  capa¬ 
bilities  of  VMY  in  combination  with  its  classical  CDK-inhibitory 
activity  suggest  that  VMY  represents  a  new  sub-class  of  small 
molecule  CDK  inhibitor.  Our  data  warrant  further  investigations 
into  the  anti-mitotic  mechanisms  of  action  of  VMY  both  in  vitro 
and  in  preclinical  MB  models.9 

Materials  and  Methods 

Cell  lines  and  cell  culture.  The  human  medulloblastoma  cell 
lines,  DAOY  and  D556  were  maintained  in  RPMI,  with  10% 
FCS,  0.1  mM  non-essential  amino  acids,  100  U/ml  Penicillin- 
Streptomycin  and  1  mM  sodium  pyruvate  at  37°C  in  5%  C02 
as  previously  described  in  references  9  and  10.  The  PI3K  inhibi¬ 
tor  LY294002  (Sigma),  the  parent  CDK  inhibitor  purvalanol  B 
(Sigma),  flavopiridol  (Sigma),  or  VMY-1-103, 13,14  were  added  to 
the  culture  medium  for  up  to  18  h.  DMSO  was  used  as  vehicle 
control.  The  ED5()s  were  calculated  using  Prism  (GraphPad). 
To  label  chromatin,  DAOY  cells  were  stably  transfected  with 
pEGFP-Nl-Histone2B-GFP  plasmid  (a  gift  from  Susette 
Mueller).  Briefly,  a  10  cm  dish  of  DAOY  cells  was  transfected 
with  10  p.g  of  GFP/H2B  in  media  containing  10%  FBS  using 
fugene  6  (Roche).  After  48  h,  the  cells  were  split  into  three 
10  cm  dishes  and  400  |xg/ml  G418  (Invitrogen)  was  added. 
Positive  colonies  were  identified  by  fluorescence  microscopy  and 
six  individual  clones  were  selected.  The  cells  were  treated  with 
VMY  followed  by  cell  cycle  analyses  and  comparisons  were  made 
to  untransfected  cells  to  ensure  there  were  no  changes  in  the  cells 
sensitivity  to  the  drug. 

Flow-cytometry.  The  medulloblastoma  cells  were  collected 
by  trypsinization,  fixed  in  10%  ethanol  and  resuspended  in  PBS 
containing  20  |xg/ml  propidium  iodide  (PI)  and  5  U  RNase  A. 
DNA  content  was  measured  using  a  FACStar  Plus  dual  laser 
FACSort  system  (Becton-Dickinson)  as  previously  described  in 
references  13,  31  and  32. 

Immunoblotting.  Protein  extracts  were  separated  on 
4-20%  Tris-glycine  gels  and  electro-blotted  onto  nitrocellu¬ 
lose.13,33  Protein  levels  were  assessed  using  antibodies  against 
cyclin  Bl,  cleaved  caspase-3  and  PARP  and  p21CIP1,  as  previ¬ 
ously  described  in  reference  13.  Anti-(3-actin  (Cell  Signaling, 
4967)  was  used  as  loading  control  as  previously  described  in 
reference  13. 

Cell  viability  and  growth.  Following  inhibitor  treatment, 
cell  viability  was  determined  by  trypan  blue  exclusion.  For  apop¬ 
tosis  assays,  Proteome  Profiler  human  apoptosis  arrays  (R&D 
Systems)  were  performed  as  previously  described  in  reference  13 
as  per  the  manufacturer’s  protocol.  Briefly,  nitrocellulose  mem¬ 
branes  (spotted  with  35  antibodies,  in  duplicate)  were  blocked 


with  array  buffer  (supplied  by  the  manufacturer)  for  1  h  at  room 
temperature,  the  membranes  were  washed  and  incubated  with 
500  |xg  of  protein  overnight  at  4°C.  A  biotinylated  primary  anti¬ 
body  (supplied  by  the  manufacturer)  was  added  for  1  h,  followed 
by  a  30  min  incubation  with  Streptavidin-HRP,  and  finally  with 
an  ECL  reagent  (1:3,000;  Pierce).  Array  data  were  developed 
on  X-ray  film  and  spot  areas  and  intensities  were  analyzed  using 
ImageJ  (NIH)  as  previously  described  in  reference  13. 

Fluorescence  imaging.  Cells  were  seeded  on  glass  coverslips 
and  treated  with  DMSO  or  inhibitors  for  1  h.  Cells  were  washed 
with  PBS  and  fixed  in  10%  formalin  for  10  min.  Cells  were  then 
washed  three  times  with  PBS,  permeabilized  with  0.1%  Triton 
X-100,  and  washed  an  additional  three  times  with  PBS.  Cells  were 
then  incubated  with  the  following  primary  antibodies:  p-Weel 
(Ser  53,  1:50,  Santa  Cruz),  Aurora  A  (1:100,  BD  Biosciences), 
and  p-Histone  H3  (S10,  1:200,  Cell  Signaling)  for  1  hr  at  room 
temperature.  Slides  were  then  washed  with  PBS  an  additional 
three  times  and  stained  with  the  following  secondary  antibod¬ 
ies  for  30  min  at  room  temperature:  Cy5  donkey  anti-rabbit 
(1:200,  Invitrogen)  and  Texas  Red  donkey  anti-mouse  (1:200). 
Slides  were  then  counterstained  with  DAPI  and  488-Phalloidin 
(1:200,  Invitrogen)  for  5  min.  The  coverslips  were  mounted  onto 
glass  slides  with  Tris-buffered  fluoro-gel  (Electron  Microscopy 
Sciences).  Confocal  microscopy  was  performed  on  an  Olympus 
Fluoview-FV300  Laser  Scanning  Confocal  System  (lOOx  lens,  oil 
immersion). 

Live  cell  imaging.  Automated  time-lapse  microscopy  was 
performed  on  a  Nikon  Eclipse  TE-300  Inverted  Spinning 
Disc  Confocal  Microscope  System.  Cells  were  maintained  in  a 
microscope  stage  incubator  at  37°C  in  a  humidified  atmosphere 
of  5%  C02  throughout  the  experiment.  Confocal  microscopy 
was  performed  using  a  40x  lens.  Images  and  time-lapse  videos 
were  obtained  using  Velocity  (v  5.3.1)  image  acquisition  and 
analysis  software  by  Improvision.  To  image  time  in  mitosis, 
stable  GFP-H2B  DAOY  cells  were  seeded  in  a  12-well  glass- 
bottom  dish  (MatTek)  and  were  synchronized  in  the  G2  phase 
of  the  cell  cycle  with  20  ng/ml  nocodazole  for  12  h.  Ten  to 
twenty  cells  were  selected  in  each  well  using  the  Velocity  soft¬ 
ware,  and  imaged  in  the  presence  of  nocodazole.  Media  con¬ 
taining  nocodazole  was  then  removed  from  the  dish  and  the 
cells  were  washed  three  times  with  PBS.  Cell  culture  media 
was  replaced  containing  DMSO,  Purvalanol  B,  Flavopiridol  or 
VMY-1-103.  Cells  were  immediately  imaged  every  2  min  for 
12  h.  Ten  Z-stack  sections  were  taken  images  were  taken  per  cell 
(3  uM  spacing  between  slices)  with  a  GFP  (488  nm)  laser.  One 
bright-field  image  was  taken  in  the  center  of  each  cell  as  a  refer¬ 
ence  point.  Mitotic  cells  were  quantified  and  manually  analyzed 
for  time  in  mitosis. 

Cdkl  kinase  assays.  Ten  centimeter  dishes  of  80%  conflu¬ 
ent  DAOY  cells  were  placed  on  ice  for  10  min  and  scraped  into 
the  culture  medium.  The  cells  were  collected  by  centrifuga¬ 
tion  for  5  min  at  500  g,  washed  with  10  ml  PBS  containing  1 
mM  MgCl2  and  resuspended  in  1.0  ml  kinase  assay  buffer  (25 
mM  |3 -glycerophosphate,  25  mM  (4-(2-hydroxyethyl)-l-pi- 
perazineethanesulfonic  acid)-KOH  (pH  7.4),  10  mM  MgCl2, 
5  mM  ethylene  glycol  tetraacetic  acid,  1  mM  dithiothreitol, 
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0.5  mM  phenylmethylsulfonyl  fluoride,  0.1  mM  Na3V04,  1  p,g/ml 
aprotinin,  1  p-g/ml  leupeptin,  1  p,g/ml  pepstatin)  at  4°C.  Lysates 
were  prepared  using  ultrasonic  disruption  at  4°C  and  immediately 
assayed  for  kinase  activity.  For  each  lysate,  parallel  assays  were  per¬ 
formed  for  12  min  at  33°C  in  the  presence  and  absence  of  0.1  mM 
CSH103  cdkl  substrate  peptide  (ADA  QHA  TPP  KKK  RKV 
ED;  Enzo  Life  Sciences),  and  included  (in  a  total  volume  of  100 
(jlI)  10—20  p.1  lysate,  0.1  mM  ATP  and  0.1  mCi/ml  ~y-[32P]ATP 
(7,000  Ci/mmol;  MP  Biomedicals).  To  determine  levels  of  phos¬ 
phorylation,  25  p.1  aliquots  of  assays  were  spotted  on  2.3  cm  P81 
cellulose  phosphate  filters  (Whatman)  followed  by  five  washes  with 
100  ml  1%  (v/v)  H3P04  (>5  min  per  wash).  Washed  filters  were 
transferred  to  20  ml  glass  vials  for  scintillation  counting  follow¬ 
ing  addition  of  10  ml  BioSafe  II  scintillation  cocktail  (Research 
Products  International).  Counts  were  normalized  for  [32P]ATP 
specific  activity  and  lysate  protein  concentration;  determined  using 
the  Bio-Rad  protein  assay  with  a  bovine  IgG  standard. 
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